The aim of this study was to measure and quantify habituation phenomena within the auditory cortex of 18 healthy subjects by means of fMRI. Auditory stimulation was done by digitally generated pulsed ( ‫؍‬ 5 Hz) 800-Hz sine tones with three alternating ON (duration 2 min) and OFF (1 min) periods. Binaural stimulation resulted in symmetrical bihemispheric activation of the auditory cortex. Our data revealed a characteristic signal decay to repeated acoustic stimulation: the response to the second was even more pronounced, and the third stimulation block significantly lower compared to the first. Thus, our data clearly demonstrate habituation phenomena, probably due to reduced neuronal activity with increased duration and/or frequency of stimuli. © 2002 Elsevier Science (USA)
INTRODUCTION
Functional magnetic resonance imaging (fMRI) is a noninvasive method for assessing changes in neuronal activity following auditory stimulation in the primary and secondary auditory cortex (Bernal and Altmann, 2001) . Focal neuronal activation results in increases of regional cerebral blood flow, oxygen delivery and oxygen extraction (Kwong et al., 1992) . The fMRI signal observed is due to the blood oxygenation level-dependent (BOLD) effect and depends on the ratio between diamagnetic oxyhemoglobin and paramagnetic deoxyhemoglobin (Ogawa et al., 1990) . Regarding the diamagnetic properties of oxyhemoglobin and related decreased magnetic susceptibility, signal intensity in T2*-weighted MR images increases and the BOLD signal can be detected by T2*-sensitive MR imaging (Ogawa et al., 1990) .
fMRI of the auditory cortex is methodologically challenging, since scanner noise, intensity, frequency, type of auditory stimuli, time course of paradigm, and habituation can strongly influence results or even mask responses (Bernal and Altmann, 2001; Eden et al., 1999; Hall et al., 1999; Talvage et al., 1997) .
In order to obtain reliable and strong responses to auditory stimuli, various factors have to be considered. Since measurable acoustic activation requires a certain intensity of stimulation, a stimulus intensity lower than 60 dB failed to produce detectable fMRI signals (Jä ncke et al., 1998) . It was also observed that the kind of stimulus influences the cortical response, e.g., pulsed sinus tones at lower frequencies (500 Hz vs 4000 Hz) resulted in greater activation . Also, the dynamics of the BOLD response with a maximum signal change about 3 s after stimulation have to be taken into account (Backes and van Dijk, 2002; Belin et al., 1999) . Various approaches to overcoming the confounding effects of scanner noise on the experiments have been published (Bernal and Altmann, 2001; Eden et al., 1999; Hall et al., 1999; Shah et al., 2000) . One technique, which was also employed in the present study, is the "sparse" imaging scheme (Belin et al., 1999; Bilecen et al., 1998; Eden et al., 1999; Hall et al., 1999) , where auditory stimuli are presented without interfering with scanner noise in long interscan intervals. Images are recorded 3 to 4 s after stimulation. Thus less disturbed auditory stimulation is achieved with the trade-off of longer scanning times and reduced temporal resolution.
Habituation, defined as the reduction of responsiveness after prolonged or repeated exposure to a stimulus, is part of neuronal signal processing. It is an adaptive ability to cease responding to irrelevant events in an environment with multiple sensory stimuli (Laurian et al., 1988) . Habituation as a ubiquitous phenomenon may hamper reproducibility and accuracy of the observed signal changes (Bernal and Altmann, 2001) . For this reason fMRI experiments usually apply 30-s ON periods to avoid habituation. In a PET study in six volunteers, significant habituation (cerebral blood flow reduction) was found in the thalami, but not in the auditory cortical area (Bernal and Altmann, 2001) .
The aim of this study was to demonstrate and quantify habituation effects to long auditory stimulation within the auditory cortex of healthy subjects by fMRI.
MATERIAL AND METHODS

Subjects
Eighteen healthy subjects (age, 29.3 Ϯ 9.4 years (20 -54 years) , 3 left-handed, 11 females) were enrolled in this study after a standardized interview aimed at ruling out any psychiatric or neurologic disorder (Hiller et al., 1997) . All subjects gave informed written consent. The study was approved by the Ethics Committee of the University of Mü nster.
MRI Protocol
Images were acquired on a 1.5-T MR system (Vision, Siemens, Erlangen, FRG) with a standard receiver head coil. T1-weighted anatomical spin-echo images (TR, 480 ms; TE, 15 ms; flip angle, 90°; matrix dimensions, 256 ϫ 256; and field of view (FOV), 210 mm) were acquired before the fMRI data sets. For fMRI, 54 gradient echo-echo planar imaging (GE-EPI) images in identical localization were obtained (TR, 10 s; TE, 60 ms; matrix dimensions, 64 ϫ 64; FOV, 210 mm; 16 oblique axial slices; slice thickness, 3 mm (pixel size, 3.28 ϫ 3.28 mm), scan time, 1.67 s). A TR of 10 s was used to minimize echo-planar noise artifacts and to guarantee reproducible spin excitation (Belin et al., 1999; Bilecen et al., 1998) .
Stimulation
The complete auditory stimulation paradigm consisted of three stimulation cycles (A1-A3) of digitally generated pulsed ( ϭ 5 Hz) 800-Hz sine tones of 2 min duration (ON), alternating with rest periods (R1-R3) of 1 min duration (OFF) (Fig. 1) .
This design was chosen for several reasons: in preliminary experiments the duration of OFF and ON periods was varied and OFF periods shorter than 1 min were found to affect the reproducibility of measurements. Alterations in blood volume and/or hematocrit during stimulation are generally normalized after 30 s and at the latest after 1 min; after 1 min one can be sure that an equilibrium is reached (Jones et al., 1998) . Durations of ON periods were also varied, stimulation of 3 and 4 min exhibiting similar habituation phenomena to those observed with 2-min stimulation. Subjects complained, however, that they felt bothered by these long stimulation times and this was also reflected in the increase of motionrelated artifacts in the images. Of course, stimulation with a 1-min auditory paradigm would also have been an option, but we wanted specifically to elicit habituation and therefore opted for a longer duration of stimulation.
The tones were generated by the Cool Edit program (Syntrillium Software Corporation, Phoenix, Arizona). Auditory stimulation was presented binaurally via pneumatic headphones (tube and headphones were acoustically shielded to reduce outside and gradient noise). Altogether 3 ϫ 12 images were recorded during ON and 3 ϫ 6 images during OFF periods (Fig. 1) . For all subjects, the hearing threshold was determined within the magnet, and each subject was stimulated with a sound pressure level of 85 dB above the individual hearing threshold.
Image and Statistical Analysis
All images were motion corrected (MRIPP, Siemens, Erlangen, FRG) and analyzed with STIMULATE (Strupp, 1996) . The data were corrected for linear drifts. For visualization of activated areas, cross-correlation analysis with a basis set was used (r ϭ 0.2) (D'Esposito et al., 1999; Huettel et al., 2001) . A cluster filter of five contiguous pixels was applied and the same STIMULATE threshold of 500 was applied for all subjects. For determination of the mean baseline levels, the first two of the six measurements during the rest period (OFF) were omitted ( Fig. 1) , since only after 20 s is it assured that the hemodynamic response to the stimulus can be neglected (Yang et al., 2000) .
Activated areas were superimposed on anatomical images for an approximate anatomic localization, and auditory areas (primary and secondary) were defined according to their relation to the Heschl's gyri and were similar to those reported in the literature Hashimoto et al., 2000; Moffat et al., 1998) . Activation was observed in the plane of the superior temporal gyrus and sulcus in all subjects. We did not differentiate between the primary auditory cortex and adjacent secondary areas.
Data were not normalized in a standard stereotaxic space to correct for interindividual brain size differences. We felt that this normalization was not necessary, since the aim of this work was to assess habituation phenomena in the plane of the superior temporal gyrus in a very general way.
To assess contralaterality, a mean contralaterality index (CI; number of activated pixels in the left hemisphere divided by sum of the number of activated pixels in both hemispheres; 0.5, symmetrical; Ͻ 0.5 more right lateralized; and Ͼ 0.5 more left lateralized) was calculated for the entire activated areas of the auditory cortex. Also, an activity index (⌬SI; mean percentage of signal change after stimulation) was determined separately for each hemisphere.
The time course of the elicited BOLD signal intensity changes (Fig. 3) was obtained as the mean signal intensity changes of activated voxels in both hemispheres, since our analysis (ANOVA) indicated no hemispheric differences.
Statistical analysis was performed with SPSS software (SPSS 10.0 for Windows, SPSS Inc.; Chicago, Illinois; correlation analysis, Spearman, paired Student's t test). Analysis of covariance (ANCOVA) was used to test for group effects for the dependent variables CI and AI on hemispheres and repeated measure ANOVA to test the reproducibility of our results.
RESULTS
Selective activation within the plane of the superior temporal gyrus (primary and secondary auditory cortex) was observed in all subjects with our stimulation paradigm with ⌬SI BOLD from a baseline of 2.9 Ϯ 0.8% (Fig. 2) . The reproducibility (n ϭ 5) was assessed by fMRI on two different days, approximately 2 weeks apart. Since we observed no significant hemispheric differences, results are presented as the mean signal changes in both hemispheres. The mean ⌬SI BOLD from baseline was 2.95 Ϯ 0.28 and 3.1 Ϯ 0.26 %, respectively. The mean normalized changes of ⌬S A2R2 and ⌬S A3R3 (⌬S A1R1 was set to 100) were calculated. There were no significant differences between two different time points (Fig. 4) . Mean ⌬S A2R2 was 95.1 Ϯ 22 and 93.7 Ϯ 15 % (repeated measure ANOVA; F ϭ 0.013, P ϭ 0.915) and mean ⌬S A3R3 64 Ϯ 32 and 70 Ϯ 35 % (repeated measure ANOVA; F ϭ 0.174, P ϭ 0.705), respectively. This indicates that reproducible results can be obtained with our experimental setup.
There were no significant hemispheric differences in the mean contralaterality index CI (0.5 Ϯ 0.085), in the mean activation index ⌬SI (percentage of change after stimulation), and in the activation pattern when applying binaural stimuli.
Significant habituation, i.e., reduced responses to acoustic stimuli, occurred after the second and was even more pronounced after the third stimulation block. Response signals were significantly lower compared to the first ( Fig. 3 ; Table 1 ).
The response to the first stimulation block A1 (Fig. 1 ) was statistically age-dependent: i. e., the older the subjects, the fewer pixels were activated (Pearson, P ϭ 0.003; r 2 ϭ 0.45). To assess whether the pattern of habituation is independent of age, the normalized changes of ⌬S A2R2 and ⌬S A3R3 (⌬S A1R1 was set to 100) were calculated (Table 1) . Age had no significant influence on signal decrease due to habituation.
DISCUSSION
During auditory stimulation with our paradigm, circumscript, strong and robust bihemispheric activation (2.9 Ϯ 0.8 %) of the transverse temporal gyri (Heschl's gyri) and adjacent auditory cortex was observed in all volunteers (compare Fig. 2 ). Both the primary and the secondary auditory cortices contributed to our signal, as previously described (Stippich et al., 1998) .
Histological studies have reported age-related variabilities in the intracerebral organization of arterioles and venules (Fang, 1976) . The capillary bed contributes significantly to the BOLD fMRI response (Menon et al., 1995) , and agerelated differences in signal intensity may occur (D'Esposito et al., 1999) . Age-related changes in BOLD fMRI signals have been observed for the visual (Huettel et al., 2001; Ross et al., 1997) and sensomotoric (D'Esposito et al., 1999) cortices.
Our data indicate that even though the response to the first stimulation block was age-dependent, habituation seemed to vary interindividually rather than with age. However, most volunteers in our sample were relatively young (mean age, 29 years; range, 20 -54 years) and the influence of advanced age therefore cannot be assessed. Since the hearing threshold was determined individually and stimulation was applied with a sound pressure level 85 dB above the hearing threshold, the possibility of age-related changes in hearing threshold contributing significantly to the observed age effect on ⌬SI A1R1 can be excluded. Nevertheless, when performing fMRI experiments in the auditory system, age as a covariable should be controlled.
The analysis of contralaterality and activation indices revealed no statistically significant differences between left and right hemispheres when applying binaural stimulation. This was also reported in another study, where onset-delayed binaural stimuli with lateralized perception were used (Woldorff et al., 1999) .
Habituation is a ubiquitous phenomenon of stimulus processing within the nervous system. It requires presumably intact neuronal and interneurnal functioning. For example, it was shown in rats that medial prefrontal cortex lesions disrupted sustained attention processes and led to an impaired habituation to visual tasks (Broersen and Uylings, 1999) . Likewise, it was also reported that children who were exposed to substances of abuse (e.g., cocaine) in utero pre-
FIG. 3.
Group average curves and standard deviations of corrected signal intensities in the auditory cortices of 18 subjects after binaural stimulation with pulsed sinus tones. A1-A3 are stimulation cycles (gray bars; duration, 2 min each); R1-R3 are the corresponding rest periods (duration, 1 min). Habituation is clearly depicted.
FIG. 2.
Superimposition of functional correlation map on the corresponding anatomic slices. The activation of the primary and secondary auditory cortices is clearly depicted.
sented a disruption in habituation responses, besides cognitive deficits (Walker et al., 1999) .
Different visual cortical areas were shown to exhibit habituation phenomena depending on different visual stimuli conditions, e.g., view-dependent vs view-invariant object representations (Grill-Spector and Malach, 2001; Vuilleumier et al., 2002) or repetition rates (Grill-Spector and Malach, 2001) . Such adaption phenomena are probably the more complex the higher the cortical processing level of the paradigm. These experiments have in common that they give, in an elegant way, insight into the complex habituation mechanisms and the different roles of individual brain areas in the visual system.
In contrast, the present study focuses on the primary auditory cortex and a pure sine tone was chosen as a simple and neutral nonspeech stimulus. This involves presumably higher cortical processing, which is known to modulate responses to stimuli (Pugh et al., 1996; Tzourio et al., 1997) . We chose this basic paradigm because it was reproducible and robust and should be less dependent on differences in cognitive abilities and performance. Consequently, this kind of paradigm may be used advantageously under conditions of cognitive and neuronal impairment and may provide more insight into cortical dysfunction. First results in severely depressed patients revealed in a subgroup the following deviations from the fMRI pattern found in healthy subjects: significantly lower activation after the first stimulation block and missing habituation (N. Michael, submitted for publication).
To study habituation phenomena by fMRI, the influence of potential confounders, e.g., emotional responses to the stimuli or differences in attention span of the volunteers, has to be minimized. In the present study, a passive listening experimental design with a neutral simple tone stimulus 2 min in duration was used. Nevertheless, cognitive confounding variables, e.g., attention, cannot be completely controlled. Consequently, it may be argued that we did not measure auditory habituation but auditory attention-subjects may have become bored while listening to our paradigm. There are several observations, however, supporting that we did indeed measure habituation. It was described that sensoric habituation processes occur automatically and were even visible under sedation with diazepam (Jongsma et al., 2000) or can be elicited under the condition of minimal attention (Schicatano and Blumenthal, 1998) . Moreover, the high reproducibility of the habituation pattern (Fig. 4) is another argument underlining that differences in attention may not be a major confounder in the effects observed. Of course it may be advisible to control for attentional status, but we refrained from any interference in our basic design (passive attention) since habituation of the auditory startle reaction was shown to be affected (i. e., reduced) by experimentally induced increased attention (preparation for execution of a motor task which never occurred; Valls-Sole et al., 1997) . In this respect it is also interesting to note the results of two studies reporting that selective attention modulates the response to tones in the bilateral superior temporal gyrus (Pugh et al., 1996; Tzourio et al., 1997) . Still, the impact of different attention states on these kind of experiments needs to be further elucidated.
Our data revealed a characteristic signal decay to repeated 2-min acoustic stimulation. This by no means indicates that habituation occurs only under these conditions. Similar effects were observed for 3-and 4-min stimulation periods and are likely to be visible at shorter times, but this remains to be investigated.
Any BOLD signal changes might be due to changes in neuronal activity and/neurovascular coupling. It was shown that BOLD response directly reflects an increase in neural activity in correlation to local field potential (LFP) measures (Logothetis et al., 2001) . LFPs are mainly attributed to extracellular currents from summated postsynaptic potentials and are related to population synaptic activity (Lopes da Silva, 1991) . Recently, a linear correlation between neuronal activity (averaging firing rates) and hemodynamic responses was suggested (Heeger et al., 2000; Logothetis et al., 2001; Rees, 2000) . Moreover, those authors concluded from their data that fMRI signal and the neuronal spike rate appear to be linearly correlated with synaptic activity (inhibitory and excitatory activity) of presynaptic neurons. Recent work demonstrated that CBF responses are attenuated when synaptic potentials are abolished by blocking glutamate-mediated excitatory responses (Nielsen and Lauritzen, 2001 ). This may be explained by the assumption that it is mostly glutamatergic excitatory activity that provides the basis of the vascular response observed. Shulman and Rothman (1998) postulated a linear correlation between fMRI signal intensity and metabolic turnover of the excitatory neurotransmitter glutamate.
Taking all this into account, it might be tempting to speculate that a decreased BOLD signal as measured in our experimental setup may indicate reduced activity of auditory cortical neurons. To gain more insight into the impact of these neurophysiological regulation processes, parallel neurophysiological studies, e.g., MEG or pharmacological intervention during fMRI, will be useful.
It must be considered, however, that the relationship between cortical synaptic activity and cell spiking activity is difficult to standardize and quantify (Arthurs and Boniface, 2002) , in particular since it is only relative BOLD changes that can be assessed in our chosen block design.
Habituation is a common phenomenon of neuronal reactivity involving the physiology of neurons themselves as well as of interneuronal, intercortical, and probably cortical-subcortical connections (Backes and van Dijk, 2002) . Our study shows that habituation can be visualized within the auditory cortex. However, habituation is, as seen from our experiment, the sum of regulative processes at various levels (e.g., neuronal, brain stem, thalamus, cortical). The activation of these areas (brain stem) often cannot be visualized unambiguously by our chosen block design, since artifacts may occur due to cardiac-related brain stem motion. A promising way to overcome some of these limitations might be the recently published approach to also visualizing the brain stem (geniculate body, inferior colliculi, and cochlear nucleus) by ECGtriggered fMRI (Backes and van Dijk, 2002) . Also, other methodological approaches, such as fMR-adaption experiments (Grill-Spector and Malach, 2001; Vuilleumier et al., 2002) , are an important means of gaining more insight into regulative processes related to the habituation phenomena observed here.
